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IKK-related kinases are key regulators of innate
immunity and oncogenesis. While their effects on
transcriptionarewell characterized, their cytoplasmic
functions remain poorly understood. Drosophila
IKK-related kinase, IKK3, regulates cytoskeletal orga-
nization and cell elongation. Here, we demonstrate
that IKK3 is activated locally at the tip of growing
mechanosensory bristles and regulates the rapid
shuttling of recycling endosomes, independent of its
roles in F-actin organization and caspase signaling.
IKK3 regulates the localization of recycling endosome
regulators Rab11 and Dynein and phosphorylates
their adaptor molecule, Nuclear fallout (Nuf). Nuf’s
negative regulation by IKK3 suggests that local
activation of IKK3 inhibits Dynein on incoming recy-
cling endosomes, converting them for outward trans-
port. Mammalian IKK-related kinases also regulate
the recycling endosomes’ distribution by phosphory-
lating the Nuf homolog Rab11-FIP3. Our results
establish an evolutionarily conserved function of
IKK-related kinases in regulating recycling endosome
dynamics and point to a key role of endosome
dynamics in cell morphogenesis.
INTRODUCTION
From filamentous fungi to neurons, morphogenesis requires the
formation of cellular protrusions. However, how cells sustain
polarized growth while elongating is still poorly understood.
Here, we introduce a new model system to study polarized
growth, the mechanosensory bristles of Drosophila. Bristles
are formed by the elongation of single cells by up to 350 mm in
1 day during the pupal stage (Figure 2A) (Lees and Picken,
1945; Lees and Waddington, 1942; Tilney and DeRosier, 2005).
Previous studies showed that pillar-like actin bundles beneath
the plasma membrane play pivotal roles in bristle morphogen-
esis (Tilney et al., 1995; Tilney et al., 1998). Our group and othersDevelopmhave reported that in the absence of Drosophila IKK-related
kinase, IKK3/IK2, bristles become short and branched (Figure 2E)
(Bitan et al., 2010; Koto et al., 2009; Oshima et al., 2006; Shapiro
and Anderson, 2006), similar to the phenotypes of actin cytoskel-
eton regulator mutants (Frank et al., 2006; Niwa et al., 2002;
Tilney et al., 1995, 1998; Verheyen and Cooley, 1994). In ikk3
mutant bristles, cytoskeleton disorganization and mislocaliza-
tion of a late endosomal protein, Hook, have been reported
(Bitan et al., 2010). IKK3 regulates actin dynamics in cultured
cells and controls cell morphology at least in part through antag-
onism of DIAP1, a caspase inhibitor (Koto et al., 2009; Oshima
et al., 2006). However, the relationship between Hook localiza-
tion, cytoskeleton organization, and caspase signaling is
unclear, and the molecular targets of IKK3 in cell elongation are
poorly characterized (Dubin-Bar et al., 2008; Kuranaga et al.,
2006).
Mammalian IKK-related kinases, IKK3 (or IKKi) and TBK1
(or NAK), play key roles in the innate immune response by trans-
mitting signals from pattern recognition receptors (PRRs),
including TLR3/4, to the nucleus through the phosphorylation
of a transcription factor IRF-3 (Clement et al., 2008; Fitzgerald
et al., 2003; McWhirter et al., 2004; Sharma et al., 2003). In
addition, IKK-related kinases control the integrity of pathogen-
containing vacuoles independent of IRF-3, suggesting that
IKK-related kinases have cytoplasmic functions independent of
transcriptional regulation (Radtke et al., 2007). A few cytosolic
substrates of IKK-related kinases have been identified (Chau
et al., 2008; Clement et al., 2008; Kuranaga et al., 2006).
Here, we investigated the spatial pattern of IKK3 activation
during bristle elongation and found that Drosophila IKK3 is acti-
vated at the tip of growing bristles. Furthermore, IKK3 regulates
recycling endosome dynamics through its substrate Nuf,
a Rab11-effector molecule, and a Nuf-binding protein, Dynein,
a molecular motor. These results establish a key role of IKK-
related kinase in controlling endosome dynamics.RESULTS
IKK3 Is Activated at the Tip of Growing Bristles
A previous report showed that overexpressed GFP-IKK3 in bris-
tles is located at the tip (Bitan et al., 2010). However, we foundental Cell 20, 219–232, February 15, 2011 ª2011 Elsevier Inc. 219
Figure 1. IKK3 Is Activated at the Tip of Growing Bristles
(A and B) Phosphorylation of IKK3 serine 175 is required for its biological activity. Mild overexpression of IKK3[WT] (A), but not IKK3[S175A] (B), induced thin,
tapered bristles.
(C) Structure of IKK3.
(D and E) Validation of the anti-phospho-IKK3[S175] antibody. (D) Anti-pS175 recognizes a phospho-epitope. (E) Anti-pS175 recognizes phosphorylated IKK3
serine 175.
(F) IKK3 forms oligomers. IKK3-myc was coimmunoprecipitated with IKK3-HA.
(G) Phosphorylated serine 175 was not detected when IKK3[K41A] (kinase-dead) was expressed alone. However, serine175 was phosphorylated in trans by the
coexpression of IKK3[WT].
(H) Schematic representation of bristles. Dotted box indicates the region shown in the following panels.
(I) IKK3 is activated at the tip of growing bristles. (I0) Magnified view of the tip region shows punctate pIKK3 signals (arrows).
(J) IKK3 is distributed throughout the bristle cytoplasm.
(K) pIKK3 staining in ikk3DN bristles confirmed that pIKK3 staining depends on IKK3 kinase activity.
(L) Punctate staining by pIKK3 antibody in S2 cells. Dotted lines in (K) and (L) show the outline of the cell.
(I–K) 36 hr APF. Scale bars: (B), 100 mm; (I–L), 10 mm.
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Mobilization of Recycling Endosomes by IKK3that IKK3 overexpression caused severe bristle morphogenic
defects, resulting in thin, tapered bristles (Figure 1A). To directly
visualize the activation pattern of endogenous IKK3, we raised an
antibody against a peptide containing IKK3 phosphorylated on
serine 175 (pIKK3; Figure 1C–1E), which is a conserved phos-
phoacceptor site within the activation loop that is essential for
the activation of mammalian IKK-related kinases (Kishore
et al., 2002). We confirmed that serine 175 is also essential for
Drosophila IKK3 activation (Figure 1B and Figure 6C). IKK3
formed oligomers (Figure 1F), and its kinase activity was required
for the transphosphorylation of serine 175 (Figure 1G). Punctate
labeling for pIKK3 was detected at the tip of growing bristles,
whereas endogenous IKK3 was distributed throughout the
cytoplasm (Figures 1H–1K). In S2 cells, the pIKK3 signals were
detected on vesicular structures scattered in the cytoplasm
(Figure 1L). Thus, IKK3 is locally activated at the tip of growing
bristles.220 Developmental Cell 20, 219–232, February 15, 2011 ª2011 ElsevDefective Actin Bundle Organization in ikk3 Mutant
Bristles
The role of IKK3 in bristle morphogenesis was studied by
comparing the cytoskeletal organization between control and
ikk3 mutants (Figures S1A–S1L available online). When IKK3
activity was reduced by RNAi, strong loss-of-function mutations,
or a dominant-negative form of IKK3 (K41A, a mutation in the
ATP-binding loop), the bristles showed identical phenotypes:
the actin bundles were disorganized, had often detached from
the cell cortex, and were misrouted through the cytoplasm,
consistent with a previous report (36 hr after puparium formation,
APF; Figure 2V and Figures S1G–S1L) (Bitan et al., 2010). The
number of actin bundles was also increased (13.8 ± 1.3 in
control, n = 84; 35.1 ± 5.7 in ikk3RNAi, n = 42; p < 1.0 3 1060,
t test, Figure 2N and Table S1). The ikk3 mutant phenotypes
were rescued by the expression of IKK3 full-length cDNA
(Figures S1B, S1D, S1H, and S1J).ier Inc.
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Mobilization of Recycling Endosomes by IKK3Accumulation of Tubulovesicular Membranes in ikk3RNAi
Bristles
To identify additional phenotypes of ikk3RNAi bristles, we used
transmission electron microscopy (TEM) analysis. Cross-
sections of control bristles revealed microtubules oriented
parallel to the proximal-distal axis with sparsely associated vesi-
cles and actin bundles apposed to the plasma membrane as
described previously (Figures 2A–2D and 2J) (Tilney et al.,
1995). The ikk3RNAi bristles had increased numbers of smaller
actin bundles, and some ran through the cytoplasm (Figures
2F, 2G, 2J0, 2M–2O, and Table S1). A similar phenotype was re-
ported in forked/espin mutant bristles (Tilney et al., 1998, 2000),
suggesting that actin bundling is impaired in ikk3RNAi bristles.
In contrast, the great majority of microtubules (99.6%) main-
tained their orientation parallel to the bristles’ long axis in the
ikk3RNAi flies (Figure 2P, Figures S1M–S1O, and Table S1),
although a microtubule-poor region was observed. Strikingly,
extensive accumulation of vesicular and tubular structures was
found in this region (Figures 2G–2I, 2K0, 2Q, 2R and Table S1).
The diameters of these vesicles were 30 to 100 nm, slightly larger
than the vesicles observed in control bristles (Figure 2S–2U and
Table S1). Multivesicular bodies, a structural characteristic of
late endosomes, were seldom observed in control or ikk3RNAi
bristles, and a modest increase in mitochondria was observed
in ikk3RNAi bristles (Figure 2L, Figures S1Q–S1S, and Table S1).
In sum, these results suggest that IKK3 might regulate vesicle
trafficking in growing bristles.
IKK3 Regulates Recycling Endosome Distribution
Next, we examined the localization of various vesicle markers in
control and ikk3RNAi bristles. We found a prominent defect in the
localization of Rab11, a recycling endosome protein required for
bristle morphogenesis (Jankovics et al., 2001; Khodosh et al.,
2006), in all ikk3mutant bristles examined (Figure 2W and Figures
S1G0–S1L0). In the controls, Rab11 was distributed throughout
the bristle but showed higher accumulation in the tip (Figure 2W).
In contrast, Rab11 accumulated as a mass in the shaft region of
ikk3RNAi bristles (Figure 2W0). Tomato lectin, a plasmamembrane
marker, and Sec5, a component of the exocyst complex (which
regulates exocytosis), also accumulated in the ikk3RNAi bristles
(Figure 2X0 and 2Y0) colocalizing with Rab11 (data not shown),
suggesting that plasma membrane delivery was impaired,
consistent with the involvement of recycling endosomes and
Rab11 in post-Golgi trafficking (Ang et al., 2004; Chen et al.,
1998). Rab35, a GTPase involved in actin bundling (Zhang
et al., 2009), was located beneath the plasma membrane in
control bristles (Figure 2Z), but accumulated like Rab11 in the
ikk3RNAi bristles (Figure 2Z0). Late endosome markers (Rab7,
Hook) also accumulated in ikk3RNAi bristles, although at lower
levels than Rab11 (Figures 2Aa0 and 2Bb0) (Bitan et al., 2010),
and the number of mitochondria increased in the ikk3RNAi bristles
throughout the shaft (Figure 2Cc0). The distribution of the Golgi
apparatus and early endosomes (Hrs) was not affected by the
downregulation of ikk3 (Figures 2Dd0 and 2Ee0), and microtubule
stability and organization were not severely impaired, as as-
sessed by staining for acetylated tubulin (Figure S1P).
We next examined the effect of IKK3 on the Rab11 distribution
in cultured S2 cells. In transfected cells expressing GFP, the
Rab11 labelingwas punctate (Figure 2Ff). In contrast, the overex-Developmpression of IKK3[WT] caused a dispersion of Rab11 (Figure 2Gg),
whereas overexpression of IKK3[K41A] induced the aggregation
of Rab11 (Figure 2Hh). These results collectively demonstrate
that IKK3 regulates recycling endosome distribution.
IKK3’s Regulation of Rab11 Is Independent of Its Role
in Actin Organization
Our results so far demonstrated that IKK3 regulates both actin
bundle organization and endosome distribution. To determine
if these two functions were related, we examined the develop-
mental time course of bristle morphogenesis. In control bristles
at 33 hr APF, Rab11 was scattered in the cytoplasm (Figure 3A0),
the actin bundles were parallel to the long axis, and they were
located just beneath the cell cortex (Figure 3A). In contrast, in
ikk3RNAi bristles, Rab11 accumulated at the expanding tip region
at 32 hr APF (Figure 3B0). At this stage, the actin bundleswere still
oriented parallel to the long axis of the bristle and attached to the
cell cortex (Figure 3B), suggesting that Rab11 accumulation
precedes the actin disorganization.
Bristle cells were polarized, as evidenced by the FRAP (fluo-
rescence recovery after photobleaching) analysis showing pref-
erential assembly of actin and microtubules at the tip (Figure S2
and Table S2). This phenotype was not impaired in ikk3DN bristles
(Figure S2 and Table S2), suggesting that IKK3 is dispensable for
the bristle cell polarization. This notion was further supported by
the preferential accumulation of Rab11 at the tip of ikk3RNAi bris-
tles (Figure 3B0).
At 34 hr APF, Rab11 aggregates became mislocalized in the
shaft of the ikk3RNAi bristles, and some misrouted actin bundles
were observed among the aggregated vesicles (Figures 3C
and 3C0). At 36 hr APF, actin organization was severely per-
turbed, and misrouted actin bundles traversed the cytoplasm
(Figures 3D and 3E). By 48 hr APF, the misrouted actin bundles
had initiated new growth axes accompanied by Rab11 accumu-
lation at the tips (Figure 3F and 3F0, arrowheads indicate tip
regions). Thus, the ectopic Rab11 accumulation in ikk3 mutant
bristles precedes the actin disorganization.
We next asked if altering the actin organization could induce
the abnormal Rab11 accumulation.Mutations affecting actin fila-
ment bundling (forked and singed/fascin) and F-actin assembly
(chickadee/profilin) showed disorganized actin bundles (Figures
3G–3I), and a mutation of capulet/cyclase-associated protein
caused the accumulation of F-actin (Figure 3J). However, in no
case did we observe the ectopic accumulation of Rab11 (Figures
3G0–3J0). These results indicate that IKK3 regulates Rab11 distri-
bution independent of its role in actin bundle organization.
IKK3 Regulates Recycling Endosome Shuttling
Wenext used time-lapse imaging to study the regulation of Rab11
distribution. In control bristles at 36 hr APF, a number of GFP-
Rab11 vesicles moved dynamically along bristle shafts
(Movie S1). Photobleaching of the tip revealed the rapid influx of
GFP-Rab11-positive vesicles into the region (Movie S2, Figures
4A and 4B, and Table S2). When the entire shaft was photo-
bleached, the GFP-Rab11 signals remaining at the tip were seen
to exit rapidly (Movie S3, Figures 4C and 4D, and Table S2). These
results indicate thatGFP-Rab11-positive vesiclesshuttle between
the cell body and the bristle tip, and the accumulation of GFP-
Rab11 at the tip is maintained in dynamic equilibrium.ental Cell 20, 219–232, February 15, 2011 ª2011 Elsevier Inc. 221
Figure 2. IKK3 Regulates Recycling Endosome Distribution
(A) Bristles in the notum of a control adult fly observed by SEM.
(B–D) Cross-sections of control bristles observed by TEMat 36 hr APF.Microtubules were oriented in parallel (D, arrowheads), and a few vesicles were associated
with microtubules (D, arrows).
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Mobilization of Recycling Endosomes by IKK3A kymograph showed that the movement of GFP-Rab11 pro-
ceeded in both directions, but its transport velocity was signifi-
cantly different in the proximal-to-distal and distal-to-proximal
directions (Figures 4E and 4F). The rate of GFP-Rab11 shuttling
was high at 36 hr and 40 hr APF, during active bristle elongation,
and became low at 50 hr APF, when elongation ceases (Fig-
ure S3A and Table S2) (Tilney et al., 1996). This timing correlated
with the accumulation of phospho-IKK3 at the bristle tip (Fig-
ure S3B). When the IKK3 activity was reduced, the GFP-Rab11
fluorescence at the tip did not recover after photobleaching
(Movie S4, Figures 4A and 4B, and Table S2), and remained in
the tip when the shaft was photobleached (Movie S5, Figures
4C and 4D, and Table S2), suggesting that the GFP-Rab11-posi-
tive vesicles became static. Thus, IKK3 is essential for the
dynamic shuttling of the GFP-Rab11-positive vesicles.IKK3 Interacts Genetically with Rab11, Nuf, and Dynein
To investigate the mechanism of the recycling endosome shut-
tling, we examined the functional relationships among IKK3,
Rab11, and the Rab11 effector, Nuf (Riggs et al., 2003). Nuf
binds to Rab11 and Dynein light intermediate chain (DLIC),
connecting recycling endosomes to microtubule-dependent
trafficking (Horgan et al., 2010a, 2010b; Riggs et al., 2007). Nuf
strongly accumulated in ikk3 mutant bristles, accompanied by
a slight accumulation of Dynein (Figures 5A and 5B).
Bristle morphogenesis was not altered by the expression of
Rab11[Q70L] (a GTP-bound form), or a mild reduction of Nuf
by nufRNAi (Figures 5D and 5E). However, the phenotype caused
by ikk3DN (Figure 5C) was highly sensitive to changes in the
dosage of Rab11 signaling. It was suppressed by reduced
gene dosage of nuf, dynein light chain-1/LC8 (cut up: ctp), or
dynein heavy chain (dhc64c), suggesting that IKK3 antagonizes
Nuf and Dynein (Figures 5F–5J and 5R and Table S3). While
heterozygosity of a rab11 mutation did not modify the ikk3DN
phenotype, probably because of the dynamic equilibrium
between the GDP- and GTP-bound forms (Figure 5R and
Table S3), an increased dosage of Rab11[WT] synergistically
enhanced the phenotype (Figure 5R and Table S3). This syner-(E) ikk3RNAi bristles observed by SEM. Bristles were short and branched.
(F–I) Cross-section of ikk3RNAi bristles observed by TEM at 36 hr APF. (H and I) N
lucent (asterisks) lumens were visible. Arrowheads, microtubules; m, mitochond
(J–L) Traced images of actin bundles (J), vesicles (K), and mitochondria (L) in co
(M–O) Quantitative analysis of actin organization in control and ikk3RNAi bristles.
(P) Number of microtubules in control and ikk3RNAi bristles.
(Q–T) Quantitative analysis of vesicle structures in control and ikk3RNAi bristles. D
(U) Histogram of vesicle diameter in control and ikk3RNAi bristles.
(V) Parallel organization of cortical actin bundles in controls. (V0) More actin bun
bristles. Dotted lines indicate where the z-sections were generated.
(W–Ee) Distribution of vesicle markers in control and ikk3RNAi bristles at 36 hr APF.
at the tip of control bristles (arrowhead). (W0) Recycling endosomes (Rab11) accu
which labels the plasma membrane, (Y and Y0) Sec5 (exocyst complex), and (
(Aa, Aa0, Bb, and Bb0) Late endosome markers (Rab7, Hook) accumulated, albeit w
in the number of mitochondria (F1F0 ATPase) was seen in ikk3
RNAi bristles. (Dd and
not show abnormal localization in ikk3RNAi bristles. (Ee and Ee0) Early endosomes (
bristles.
(Ff) Punctate localization of Rab11 in control GFP-expressing S2 cells.
(Gg) Overexpression of IKK3[WT]-GFP caused Rab11 to disperse. Arrows in (Ff)
(Hh) Overexpression of IKK3[K41A]-GFP (DN-IKK3-GFP) induced the aggregation
Scale bars: (A and E), 100 mm; (B and F), 2 mm; (C and G), 1 mm; (D, H, and I), 0.
Developmgistic effect was even more striking when the constitutively
active formRab11[Q70L] was expressed (Figure 5M), suggesting
that Rab11 and IKK3 act coordinately. Remarkably, amild reduc-
tion of Nuf by nufRNAi nearly completely cancelled the synergistic
phenotype of IKK3DN and Rab11[Q70L] (Figure 5N). In addition,
nufRNAi suppressed Rab11 aggregation in ikk3RNAi bristles (Fig-
ure 5P0), suggesting the antagonistic roles of IKK3 and Nuf in
Rab11 trafficking. On the other hand, Rip11, another Rab11
effector (Li et al., 2007), did not show a significant genetic inter-
action with ikk3DN (Figure 5R and Table S3). Heterozygosity of
forked, but not singed, enhanced the ikk3DN phenotype, consis-
tent with the actin bundling defects observed in ikk3mutant bris-
tles (Figure 5R and Table S3).Regulation of Rab11-Nuf and F-Actin Distribution
by IKK3 Is Independent of DIAP1 Pathway
It was previously reported that DIAP1 is a downstream effector of
IKK3, and DIAP1 reduction was able to suppress the ikk3 mutant
phenotype (Figures 5K, 5L, and 5R) (Koto et al., 2009; Oshima
et al., 2006). We asked if this suppression is mediated by the
recovery of Rab11 and F-actin distribution. Reduction of DIAP1
did not suppress either the synergistic phenotype of IKK3DN
andRab11[Q70L] or theRab11aggregationphenotype in ikk3RNAi
bristles (Figure 5O and 5Q0). Furthermore, the increase and cyto-
plasmic misrouting of actin bundles were not suppressed by
reducing DIAP1 or Nuf in ikk3RNAi bristles (Figures 5P and 5Q
and Figure S4A). In addition, DIAP1 overexpression in S2 cells
did not suppress the Rab11 dispersion phenotype induced by
IKK3 overexpression (Figures S4B and S4C), in contrast to the
rescueof the cellmorphologyphenotype asdescribed previously
(Oshima et al., 2006). These results suggest that Nuf-Rab11
regulates recycling endosome distribution, whereas DIAP1 plays
a distinct role in bristle morphogenesis.IKK3 Phosphorylates Nuf on Serine 225
A GST pulldown assay revealed that IKK3 interacted physically
with Nuf (Figure 6A). To test whether IKK3 could phosphorylate
Nuf, we incubated purified recombinant Nuf with immunopurifiedumerous tubulovesicular structures with electron-dense (arrows) or electron-
ria.
ntrol and ikk3RNAi bristles.
The number of actin bundles was counted in phalloidin-stained samples.
ata show mean ± SD. *p < 0.05, **p < 0.005.
dles are present, and some run through the cytoplasm (arrowhead) in ikk3RNAi
Dotted lines outline the cells. (W) Recycling endosomes (Rab11) were enriched
mulated in the shaft of ikk3RNAi bristles (arrowheads). (X and X0) Tomato lectin,
Z and Z0) YFP-Rab35 staining accumulated in ikk3RNAi bristles (arrowheads).
ith weaker staining than Rab11 (arrowheads). (Cc and Cc0) A modest increase
Dd0) The Golgi apparatus, located in the cell body (not visible in this picture), did
Hrs) were scattered throughout the bristle shafts in both the control and ikk3RNAi
and (Gg) indicate transfected cells.
of Rab11 (arrowheads).
5 mm; (V–Hh), 10 mm. See also Figure S1 and Table S1.
ental Cell 20, 219–232, February 15, 2011 ª2011 Elsevier Inc. 223
Figure 3. IKK3 Regulates Rab11 Distribution and Actin Bundle Organization Independently
(A–F) Rab11 accumulation precedes actin bundle disorganization in ikk3RNAi bristles. (A) Control bristles at 33 hr APF. Rab11 was scattered throughout the cyto-
plasmwith some enrichment at the tip region. Actin bundles were organized in parallel just beneath the cell cortex. (B) ikk3RNAi bristles at 32 hr APF. Actin bundles
were oriented in parallel just beneath the cell cortex, and Rab11 had accumulated at the enlarged tip region (arrowheads). (C) ikk3RNAi bristles at 34 hr APF. Rab11
accumulated abnormally in the shaft region, and some actin bundles were found among the Rab11 aggregates (arrowheads). (D) ikk3RNAi bristles at 36 hr APF. (E)
Actin bundle dynamics at 36 hr APF. Actin bundles were stable in control bristles, whereas in ikk3RNAi bristles, some actin bundles wandered within the cytoplasm
(arrowheads). (F) ikk3RNAi bristles at 48 hr APF. Misrouted actin bundles had initiated new growth axes, accompanied by Rab11 accumulation at the ectopic tips
(arrowheads).
(G–J) Ectopic Rab11 was not observed in actin regulator mutants, despite the severe disorganization of the actin cytoskeleton. (G) forked36a (espin), (H) singed3
(fascin), (I) chickadee221/chickadee01320 (profilin), (J) capuletk01217 (cyclase-associated protein) mutant bristles. (G, I, and J), 33 hr APF; (H), 36 hr APF.
Dotted lines in A0–D0, F0, andG–J indicate cell outlines; dotted lines in A00–D00 indicate the z-section slice. Scale bars: (A–C), 5 mm; (D, E, G–J), 10 mm; (F) 20 mm. See
also Figure S2.
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Mobilization of Recycling Endosomes by IKK3IKK3. Phospho-affinity SDS-PAGE revealed slowly migrating
forms of Nuf after the incubation with IKK3 (Figure 6B), and this
mobility shift was not induced by the K41A or S175A mutants
of IKK3, suggesting that the IKK3 kinase activity was essential
(Figure 6C). In S2 cells, the overexpression of IKK3[WT], but
not of IKK3[K41A], induced a mobility shift of Nuf (Figure 6D),
which was abolished by treatment with l-phosphatase (Fig-
ure 6E), showing that IKK3 induces the hyperphosphorylation
of Nuf. LC-MS/MS analysis showed that IKK3 phosphorylates
serine 225 of Nuf, near the coiled-coil domain (Figure 6F).
IKK3 Antagonizes Nuf by Phosphorylating
It on Serine 225
To test the physiological importance of Nuf’s phosphorylation
by IKK3, we replaced serine 225 with alanine to generate a224 Developmental Cell 20, 219–232, February 15, 2011 ª2011 Elsevphospho-resistant mutant (Nuf[S225A]) and with asparagine to
generate a phospho-mimetic mutant (Nuf[S225D]) (Figure 6G).
Overexpression of Nuf[WT] in S2 cells induced Rab11 aggrega-
tion, consistent with a previous report (Figure 6H) (Hickson et al.,
2003). Nuf[S225A] also induced the aggregation of Rab11 (Fig-
ure 6I), whereas Nuf[S225D] showed reduced Rab11 aggrega-
tion (Figure 6J), suggesting that phospho-serine 225 inhibits
Nuf’s ability to induce Rab11 aggregation (Figures S5A–S5D).
The expression of IKK3[WT] antagonized Nuf[WT], inhibiting
the aggregation of Rab11 and Nuf (Figure 6K). This antagonistic
activity was abrogated by Nuf[S225A], but not Nuf[S225D] (Fig-
ure 6L and Figures S5E–S5H). Conversely, coexpression of
IKK3[K41A] with Nuf[WT] induced the coaggregation of Rab11
and IKK3[K41A] (Figure 6M), whereas Nuf[S225D], but not Nuf
[S225A], protected Rab11 from the IKK3[K41A]-inducedier Inc.
Figure 4. IKK3 Regulates Dynamic Shuttling of Rab11-Positive Vesicles
(A and B) FRAP analysis of GFP-Rab11 at the tip showed rapid entry into the tip region. GFP-Rab11 accumulated more abundantly at the tip than endogenous
Rab11, but its expression did not affect bristle development. In the absence of IKK3 (ikk3DN), GFP-Rab11 fluorescence recovery was impaired.
(C and D) Inverse-FRAP analysis of GFP-Rab11 revealed Rab11’s rapid exit from the tip region. In the absence of IKK3 (ikk3DN), GFP-Rab11 failed to leave the tip
region. Boxes indicate photobleached regions. Brackets indicate GFP-Rab11-positive vesicles leaving the tip region. Contrast of control bristles in (D) was
enhanced to visualize the faint signals after photobleaching.
(E) Kymograph analysis of GFP-Rab11 shuttling. Green arrows indicate particles transported toward the tip region. Magenta arrows indicate particles transported
toward the cell body. Black arrows indicate immobile particles.
(F) The transport speed from the cell body to the tip and from the tip to the cell body were different, *p < 5 3 1017.
Scale bars: (B and D), 10 mm. See also Figure S3, Table S2, and Movies S1–S5.
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Mobilization of Recycling Endosomes by IKK3aggregation (Figure 6N and Figures S5I–S5L). Moreover, the
expression of Nuf[S225D], but not Nuf[WT] or Nuf[S225A], signif-
icantly suppressed the ikk3DN bristle phenotype (Figures 6O–6R
and Table S3). These results suggest that IKK3 antagonizes Nuf
by phosphorylating it on serine 225 (Figure S5M). This antago-
nism does not seem to involve any modification of Rab11 and
Dynein binding, since Nuf[WT], Nuf[S225A], and Nuf[S225D] all
showed comparable interactions with Rab11[GTP] and DLIC
in vitro (Figures S5N and S5O).DevelopmTo verify that Nuf serine 225 is phosphorylated by IKK3 in vivo,
wegeneratedanantibodyagainstphospho-Nuf[S225] (Figure6S).
In S2 cells expressing IKK3[WT], the anti-pNuf[S225] antibody
detected coexpressed Nuf[WT] as puncta, but it did not react
with Nuf[S225A], nor did it recognize Nuf[WT] when it was
coexpressed with IKK3[K41A] (Figure S5P-S). Anti-pNuf[S225]
labeling was enriched at the tip of growing bristles (Figure 6T),
but not in the absence of IKK3 (Figure 6T0). These results indicate
that IKK3 locally antagonizes Nuf at the tip of growing bristles.ental Cell 20, 219–232, February 15, 2011 ª2011 Elsevier Inc. 225
Figure 5. Genetic Interactions between IKK3, Rab11, Nuf, and Dynein
(A and B) Nuf (A) and Dynein heavy chain (Dhc, B) accumulated with Rab11 in ikk3RNAi bristles. Dotted lines outline the cells.
(C–O) Effects of genetic interactions among ikk3, rab11, nuf, dynein, and DIAP1 on bristle morphology. Inset in M0 and O0 show magnified views.
(P–Q) F-actin and Rab11 distribution in ikk3RNAi/nuf RNAi (P) and ikk3RNAi/DIAP1RNAi (Q) bristles. nuf RNAi suppressed Rab11 aggregation, but not actin bundles
misrouting (arrowheads) in ikk3RNAi bristles (compare with Figure 2V0 and Figure 2W0 ). In contrast, DIAP1RNAi did not suppress Rab11 aggregation (arrowheads)
and actin disorganization in ikk3RNAi bristles. Dotted lines in (P) and (Q) indicate the z-section slice, and dotted lines in (P0) and (Q0) show cell outlines.
(R) Quantification of bristle phenotype (percentage of normal bristles per total scutellar bristles). Bristles with a branched, hooked, bifurcated, or bulging
morphology were classified as ‘‘abnormal.’’ Df[3L]Exel6121 contains a nuf deletion. Data are presented as mean ± SD. *p < 0.05, **p < 0.005 compared to ikk3DN
by t test.
Scale bars: (A, B, P, and Q), 5 mm; (C–O), 100 mm. See also Figure S4 and Table S3.
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Rab11-FIP3
To ask if the function of IKK3 in recycling endosome trafficking is
conserved, we studied themammalian IKK-related kinases, IKK3
and TBK1. The double knockdown of these genes by RNAi in
A431 and HEK293 cells resulted in perinuclear accumulation of
the Transferrin receptor, which is predominantly found in
recycling endosomes (Figures 7A–7C), whereas the single
knockdown of each molecule caused less severe phenotypes
(Figure S6A). The distributions of the late endosomes and Golgi
apparatus were not affected (Figures S6B and S6C). This pheno-
type was similar to that caused by overexpressing Rab11-FIP3
(also called Arfophilin-1/Eferin), a mammalian homolog of Nuf
(Hickson et al., 2003). An in vitro kinase reaction with immuno-
purified mIKK3 and hTBK1 caused a strong gel mobility shift of
Rab11-FIP3 upon phosphoaffinity SDS-PAGE (Figure 7D).
LC-MS/MS analysis detected phosphorylation sites in and
around the conserved coiled-coil region of Rab11-FIP3
(Figure 7E).
Mammalian IKK-Related Kinase Antagonizes
Rab11-FIP3 by Phosphorylation
To test the functional importance of Rab11-FIP3’s phosphoryla-
tion, we substituted alanine for four serine residues within its
coiled-coil region, where we repeatedly detected phosphoryla-
tion by mIKK3 and hTBK1 (Rab11-FIP3[4A]: S488A/S538A/
S647A/S648A) (Figure 7F). Overexpression of Rab11-FIP3[WT],
but not of control GFP, in HEK293 cells induced the perinuclear
accumulation of the recycling endosomes (Figures 7G and 7H).
Their aggregation was suppressed by the coexpression of
mIKK3 (Figure 7I) or hTBK1 (Figure 7J), suggesting that mamma-
lian IKK-related kinases antagonize Rab11-FIP3. In contrast,
Rab11-FIP3[4A] induced the perinuclear accumulation of recy-
cling endosomes, even in the presence of mIKK3 or hTBK1
(Figures 7K–7M). Therefore, mammalian IKK-related kinases
antagonize the Rab11-FIP3-induced aggregation of recycling
endosomes by phosphorylating Rab11-FIP3’s coiled-coil
region.
DISCUSSION
IKK-related kinases have been extensively studied because of
their importance in innate immunity and cancer (Fitzgerald
et al., 2003; McWhirter et al., 2004; Sharma et al., 2003; Shen
and Hahn, 2010). However, the cytoplasmic functions of IKK-
related kinases remain poorly understood. Here, we showed
that Drosophila IKK3 is activated at the tip of elongating bristles
and controls the rapid shuttling of recycling endosomes. More-
over, this study identified a Rab11-effector molecule, Nuf/
Rab11-FIP3, as a substrate of IKK-related kinases, and thus re-
vealed an evolutionarily conserved function of IKK-related
kinases in regulating recycling endosome dynamics.
ikk3mutations resulted in abnormal number, size, and location
of actin bundles in bristles (Bitan et al., 2010; this study), amutant
phenotype similar to that of an actin bundling protein Forked
(Tilney et al., 1998, 2000). Synergistic genetic interaction of
forked and ikk3 suggests that IKK3 is involved in actin bundle
organization. Although the downstream molecular mechanisms
of IKK3’s effects on actin bundling remain unknown, it shouldDevelopmbe noted that the localization of Rab35, a regulator of actin
bundling, was impaired in ikk3 mutant bristles (Zhang et al.,
2009).
Our results provide strong evidence that recycling endosome
dynamics and actin bundle organization are independently regu-
lated by IKK3. First, various actin regulator mutants did not show
Rab11 accumulation, indicating that the disorganization of
F-actin per se cannot alter Rab11’s distribution. Second, our
developmental analysis showed that Rab11 accumulation
precedes actin disorganization. Third, despite their strong effect
on Rab11 localization, ikk3 mutant bristles did not show signifi-
cant defects in their cytoskeletal assembly or cell polarization.
Fourth, IKK3 regulates Rab11 by phosphorylating Nuf, a Rab11
effector molecule. Finally, reduction of Nuf suppressed the
phenotype of Rab11 accumulation in ikk3 mutants, but failed to
rescue the actin bundle defects. Taken together, these results
suggest that recycling endosome dynamics and actin bundle
organization cooperatively contribute to robust bristle
morphogenesis.
DIAP1-caspase signaling is another downstream target of
IKK3 in bristle morphogenesis (Koto et al., 2009; Oshima et al.,
2006). Although the function of caspase signaling in bristle
morphogenesis is poorly characterized, one possibility is that
IKK3 controls recycling endosome dynamics or actin bundle
organization via regulation of DIAP1. This model is, however,
unlikely because alteration of DIAP1 activity failed to modify
these phenotypes in the ikk3 mutants. These results suggest
that IKK3 regulates at least three downstream pathways that
act independently: recycling endosome dynamics via phosphor-
ylation of Nuf, actin bundle organization, and caspase signaling.
Given that IKK3 also regulates microtubule organization (Bitan
et al., 2010; Shapiro and Anderson, 2006), whether caspase
signaling affects microtubule organization is an interesting issue
for future investigation.
How does the local activation of IKK3 sustain the long-range
shuttling of recycling endosomes? It seems that the microtubule
minus ends are oriented toward the distal end of bristles (Bitan
et al., 2010), consistent with a role for the microtubule minus-
end motor, Dynein, in the transportation of Rab11 to the distal
tip. For the sustained shuttling of recycling endosomes, a mech-
anism is required to convert microtubule minus-end directed
transport to the plus-end one. We propose that IKK3 redirects
recycling endosome transport by locally antagonizing the Nuf-
Dynein transport at the tip region. We suggest that this inhibition
facilitates the release of endosomal contents at the bristle tip and
allows microtubule plus-end directed transport to return the
recycling endosomes to the cell body. In ikk3 mutant bristles,
the Nuf-Dynein complex is not antagonized, and the recycling
endosomes are not redirected, which results in their distal
accumulation.
Given that the phosphorylation of Nuf S225 does not impair its
interaction with Rab11 or Dynein, it is likely that the Nuf-Dynein
complex is recycled back to the cell body by hitching a ride on
the microtubule plus-end directed transport of recycling endo-
somes. In this scheme, if Nuf-Dynein is trapped with the recy-
cling endosomes, the cell body will become depleted of the
motor complex required for trafficking to the bristle tip, resulting
in the arrest of bidirectional trafficking. In agreement with this
model, the phospho-Nuf signals were detected not only in theental Cell 20, 219–232, February 15, 2011 ª2011 Elsevier Inc. 227
Figure 6. IKK3 Antagonizes Nuf by Phosphorylating Serine 225
(A) IKK3 binds to Nuf.
(B) Immunoprecipitated IKK3 phosphorylates recombinant Nuf in vitro.
(C) Nuf phosphorylation is IKK3 kinase activity-dependent. (B) and (C) show results from phospho-affinity SDS-PAGE (see Experimental Procedures for details).
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by IKK3 at the tip may be transported back to the cell body.
Recycling endosomes are known to be involved in endosomal
recycling and exocytosis (Ang et al., 2004; Chen et al., 1998;
Ullrich et al., 1996). Further characterization of the Rab11 vesi-
cles in bristles will be required to fully clarify the role of recycling
endosome shuttling in polarized growth.
We found that mammalian IKK-related kinases regulate recy-
cling endosomes’ distribution by phosphorylating Rab11-FIP3.
Given the considerable homology between Rab11-FIP3 and
Rab11-FIP4, a related Rab11 effector molecule, it is likely
that mammalian IKK-related kinases also regulate Rab11-
FIP4 (Hickson et al., 2003). Mammalian IKK-related kinases
play essential roles in innate immunity signaling, and TLR4
signaling has been shown to promote translocation of TLR4
and Rab11a to phagosomes (Husebye et al., 2010). Whether
IKK-related kinases regulate TLR4 transport to phagosomes
during host defense will be an interesting point to investigate
in the future.
Bidirectional trafficking of recycling endosomes has been
observed in other systems, including neurons and cytokinesis
(Prekeris et al., 1999; Simon et al., 2008). Ensuring the dynamic
equilibrium of recycling endosome trafficking could be important
in allowing cells to rapidly reroute membrane delivery and to
robustly maintain vesicle trafficking during processes that
require large membrane supply. Clarifying the regulatory mech-
anisms of IKK-related kinases will deepen our understanding of
how recycling endosome trafficking is controlled.EXPERIMENTAL PROCEDURES
Fly Strains, Molecular Biology, and Cell Cultures
All Drosophila strains were raised at 25C. Sca-Gal4, ap-Gal4, neu-Gal4, or
neu-Gal4 tub-Gal80tswere used for overexpression. IKK3, Nuf, and FIP3 amino
acid substitutions were generated by site-directed mutagenesis using PCR.
Fusion constructs were generated by subcloning into pUAST-myc, pUAST-
HA, pUAST-GFP, pCA-Sal-EGFP, pcDNA3-HA, or pGEX-6P1 (GE Healthcare)
vectors. Stealth siRNAs were obtained from Invitrogen. Drosophila Schneider
cells (S2 cells) were cultured in Schneider’s Insect Medium (GIBCO) supple-
mented with 10% FCS and antibiotics at 25C (Schneider, 1972). Human
epidermoid carcinoma A431 cells (Giard et al., 1973) and human embryonic
kidney 293 cells (Graham et al., 1977) were cultured in DH10 (a 1:1 mixture
of DMEM and Ham’s F12 supplemented with 10% FCS and antibiotics;
GIBCO) at 37C, 5% CO2. Plasmid vectors were transfected using Effectene
(QIAGEN). Stealth siRNAs were transfected using Lipofectamine RNAiMax
(Invitrogen). Detailed information on fly strains, molecular biology, and cell
cultures is provided in Supplemental Experimental Procedures.(D and E) IKK3 overexpression induced hyperphosphorylation of Nuf in S2 cells
Nuf-GFP in S2 cells. (E) The IKK3[WT]-induced mobility shift of Nuf-GFP was abo
(F) LC-MS/MS analysis identified serine 225 as an IKK3-dependent phosphoryla
(G) Schematic representation of Nuf mutant constructs used in this study.
(H–N) Arrows indicate transfected cells. (H–J) Phosphorylated Nuf serine 225 anta
resistant Nuf[S225A]-GFP (I) induced Rab11 aggregation, whereas phosphomim
(K–L) Overexpression of Nuf[S225A]-GFP suppressed the IKK3[WT]-HA-induced
(M and N) Overexpression of Nuf[S225D]-GFP suppressed the IKK3[K41A]-HA in
(O–R) Overexpression of Nuf[S225D]-GFP suppressed the ikk3DN bristle phenoty
phenotypes. Quantification was performed as described for Figure 5. Data are p
(S) Characterization of anti-pNuf[S225].
(T) pNuf[S225] signals were enriched at the tip region (arrowheads) of growing brist
APF.
Scale bars: (H–N), 10 mm; (O–Q), 100 mm; (T), 5 mm. See also Figure S5 and Tab
DevelopmImmunohistochemistry
Anti-pIKK3 (pS175) and anti-pNuf (pS225) were raised in this study (Peptide
Institute). Cultured cells were fixed by 4.0% paraformaldehyde in PBS
(prewarmed at room temperature for S2 cells, 37C for mammalian cells) for
20 min, permeabilized with 0.1% Triton X-100/PBS or 0.05% saponin/PBS
for anti-LBPA staining, and blocked with 1% BSA, 0.1% Triton in TBS, or
1% BSA in TBS for anti-LBPA staining. To stain pupae, the pupal cases
were removed, and the pupaewere transferred to fixative (4.0%paraformalde-
hyde in PBS) overnight at 4C. After fixation, the pupae were dissected and
blocked with 0.1% BSA, 0.2% Triton X-100, 0.2% Tween-20 in PBS. The anti-
bodies were diluted in blocking solution. Additional procedures of immunohis-
tochemistry and the list of antibodies and other staining reagents are
described in Supplemental Experimental Procedures.
Microscopy
For immunohistochemistry, pupae or cultured cells were fixed by 4% PFA in
PBS. A laser scanning confocal microscope (FV1000, Olympus) was used to
capture fluorescent images. For SEM, adult flies were sputter-coated with
platinum and viewed by SEM at low vacuum (30 Pa) using an acceleration
voltage of 10 kV. For TEM, pupae were fixed in 2.5% glutaraldehyde, 2.0%
paraformaldehyde in 0.1 M cacodylate buffer (pH 7.4), post-fixed by 1%
OsO4 in 0.1 M cacodylate buffer (pH 7.4), en bloc stained with 0.5% aqueous
uranyl acetate, dehydrated by graded acetone series, embedded in Polybed
812, sectioned, and observed by TEM. Additional procedures of confocal
microscopy, SEM, and TEM are described in Supplemental Experimental
Procedures.
Time-Lapse Imaging
Pupae removed from pupal cases were placed dorsal side down on glass-
bottom dishes (Iwaki). Two pieces of 3MM paper were placed lateral to the
pupae, and water was added to cover the pupae to avoid drying (Shimada
et al., 2006). The images of pupae were captured using a laser scanning
confocal microscope (FV1000, Olympus) mounted on an inverted microscope
IX81 (Olympus), using a PlanApo N 603/NA1.42 objective (Olympus). GFP
fluorescence was captured at 1–3 s intervals without z-sectioning for the
imaging of GFP-Rab11 and at 30–60 s intervals with z-sectioning for actin-
GFP or GFP-a-tubulin imaging. Photobleachingwas performed by LD405 laser
(Olympus). The imaged pupae developed normally to the pharate or adult
stage under our imaging conditions, and the scutellar bristles were imaged
for all experiments. The fluorescence intensity of the selected ROI was
measured using ImageJ software (1.37v; National Institutes of Health) and
was normalized by setting the prebleach level to 100% and the postbleach
level (0 s after photobleaching) to 0%. Photobleaching was negligible, as
judged from the fluorescence intensity of a nonbleached region. Kymograph
generation and particle speed measurements were done by an ImageJ Kymo-
graph (time-space plot) plugin generated by J. Rietdorf and A. Seitz. Statistical
significance was evaluated by Student’s t test (two-tailed) using Excel (Micro-
soft) and is presented as mean ± SD.
Biochemistry
For immunoprecipitation, cells were lysed in 50 mM Tris-HCl (pH 7.5), 150 mM
NaCl, 0.5% Triton X-100, 10% glycerol, and 2 mM EDTA and were incubated. (D) IKK3[WT], but not IKK3[K41A], overexpression induced a mobility shift of
lished by treatment with l-phosphatase.
tion site of Nuf. RBD, Rab11-binding domain.
gonizes Rab11 aggregation. Overexpression of Nuf[WT]-GFP (H) or phospho-
etic Nuf[S225D]-GFP overexpression (J) did not induce it.
dispersion of Rab11.
duced aggregation of Rab11.
pe. (O–Q) SEM images of the indicated genotypes. (R) Quantification of bristle
resented as mean ± SD. **p < 0.005 compared to ikk3DN by t test.
les at 36 hr APF. (T0) pNuf[S225] signals were reduced in ikk3RNAibristles at 36 hr
le S3.
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Figure 7. Mammalian IKK-Related Kinases Antagonize Rab11-FIP3 by Phosphorylation
(A) Western blotting analysis confirmed the efficient and specific knockdown of IKK3 and TBK1. Two independent siRNAs pairs showed identical phenotypes.
(B and C) IKK3 and TBK1 regulate recycling endosome distribution. Recycling endosomes (Transferrin receptor) were broadly distributed in the cytoplasm of
control A431 (B) and HEK293 cells (C). In IKK3/TBK1 double-knockdown A431 (B0) or HEK293 (C0) cells, recycling endosomes accumulated in the perinuclear
region.
(D) Rab11-FIP3 is phosphorylated by mIKK3 and hTBK1. Proteins were separated by phospho-affinity SDS-PAGE (see Experimental Procedures).
(E) LC-MS/MS analysis identified mIKK3- and hTBK1-dependent phosphorylation sites of Rab11-FIP3. Red indicates residues phosphorylated by both mIKK3
and hTBK1; blue indicates residues phosphorylated by mIKK3; green indicates residues phosphorylated by hTBK1. EF, EF-hand domain; RBD, Rab11-binding
domain.
(F) Schematic representation of Rab11-FIP3 mutant constructs used in this study. Four serine residues phosphorylated by both mIKK3 and hTBK1 were replaced
by alanine to generate FIP3[4A].
(G–M) Phosphorylation of Rab11-FIP3 antagonizes its recycling endosome aggregation activity in HEK293 cells. (G) Recycling endosomes were broadly
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Mobilization of Recycling Endosomes by IKK3with anti-HA beads (clone 3F10, Roche) or anti-GFP beads (clone RQ2, MBL).
For l-phosphatase treatment, immunoprecipitates were incubated with
l-phosphatase (NEB) for 30 min at 30C. GST, GST-Nuf, and GST-FIP3
were expressed in E. coli and purified by standard methods. To use the
proteins in immune-complex kinase assays, the GST-tag was removed by
PreScission protease (GE Healthcare).
For GST-pulldown experiments, cells were lysed in 50mM Tris-HCl (pH 7.5),
0.5%NP-40, 10% glycerol, 2 mMEGTA, and 2mMMgCl2 and were incubated
with glutathione-sepharose beads (GE Healthcare) coupled to GST or GST-
Nuf. SDS-PAGE and western blotting were performed by standard methods.
Phosphoaffinity SDS-PAGE was performed by including 50 mM acrylamide-
pendant Phos-tag ligand (Phos-tag Consortium) and 0.2 mM MnCl2 in the
gel (Kinoshita et al., 2006). Additional biochemical procedures are described
in Supplemental Experimental Procedures.Immune-Complex Kinase Assay
Transfected S2 cells (forDrosophila IKK3) or HEK293 cells (for mouse IKK3 and
human TBK1) were lysed in lysis buffer (20 mM Tris-HCl [pH 7.5], 150 mM
NaCl, 1% Triton X-100, 1 mM DTT, 2 mM EGTA, 2 mM MgCl2) supplemented
with protease inhibitor cocktail (Complete EDTA-free, Roche) and phospha-
tase inhibitor cocktail (Nacalai Tesque). After centrifugation, the lysates were
incubated with Dynabeads Protein G (Veritas) coupled to rabbit anti-GFP or
mouse anti-HA antibodies for 2 hr at 4C. The beads were washed three times
with lysis buffer, two times with kinase buffer (20 mM Tris-HCl [pH 7.5], 10 mM
MgCl2, 1 mM DTT) supplemented with 0.5 M NaCl (for Drosophila IKK3) or
250 mM NaCl (for mouse IKK3 and human TBK1), and two times with kinase
buffer. Beads were suspended in 50 ml of kinase buffer supplemented with
100 mM ATP and 2 mg recombinant Nuf and incubated at 25C for 15–30 min
with Drosophila IKK3 or were suspended to 50 ml of kinase buffer supple-
mented with 0.5 mM ATP and 2 mg recombinant FIP3 and incubated at 37C
for 30 min with mouse IKK3 or human TBK1. After the kinase reaction, the
supernatant was removed, reactions were stopped by the addition of
23 Laemmli sample buffer supplemented with 10% b-mercaptoethanol to
the supernatant, and the samples were boiled.Mass Spectrometry
Recombinant Nuf and FIP3 phosphorylated by the immune-complex kinase
assay were excised from silver-stained SDS-PAGE gels, and the proteins
were reduced by 10 mM DTT and alkylated by 55 mM iodoacetamide, prior
to in-gel digestion by 10 mg/ml Trypsin (Sequence Grade Modified Trypsin;
Promega), or in-gel double digestion by 20 mg/ml Glu-C (Sequence Grade En-
doproteinase Glu-C; Wako) and 20 mg/ml Lys-C (Mass Spectrometry Grade
Lysyl Endopeptidase; Wako), for 16 hr at 37C. After the in-gel digestion, the
peptides were extracted with 1% TFA/50% acetonitrile, and the phosphopep-
tides were concentrated using a Titansphere Phos-Tio Kit (GL Science, Inc.).
The recovered peptides were dried under vacuum and dissolved in 2% aceto-
nitrile/0.1% formic acid. LC-MS/MS analysis was performed on an Ion-Trap
Mass Spectrometer, LTQ (Thermo Fisher Scientific) with neutral loss MS3
scanning. Phosphopeptide sequences were determined by MS/MS scanning.
When ions with a neutral loss of 98, 49, or 32.7 Da from the precursor ion peak
were observed, an additional MS/MS/MS scan was obtained. Data analysis
was performed by Mascot (Matrix Science), and phosphopeptides and the
phosphorylated residue were determined by searching for Nuf peptides
with +80 (+HPO3) or 98 (H3PO4) mass modification on serine, threonine,
or tyrosine.Quantification and Statistics
Statistical significance was evaluated by Student’s t test (two-tailed) and is
presented as mean ± SD throughout the paper.distributed in the cytoplasm of control GFP-expressing cells (arrows). (H) FIP3[W
(arrowheads). (I–J) Coexpression of mIKK3 (I) or hTBK1(J) with FIP3[WT] suppres
pression induced the perinuclear aggregation of recycling endosomes (arrowhead
suppressed by the coexpression of mIKK3 (L) or hTBK1(M).
Scale bars, 20 mm. See also Figure S6.
DevelopmSUPPLEMENTAL INFORMATION
Supplemental Information includes six figures, three tables, five movies, and
Supplemental Experimental Procedures and can be found with this article
online at doi:10.1016/j.devcel.2011.02.001.
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